Introduction
In electronic packages, the surface of the soldering pads is often coated with an Au layer to provide oxidation protection. This Au layer will rapidly dissolve into solder during reflow and form AuSn 4 particles dispersed inside the solder joint after reflow [1] [2] [3] . These AuSn 4 particles, when present in a large amount, are known to cause reliability problems, such as the brittle fracture of a solder joint [4] [5] [6] [7] [8] [9] [10] [11] [12] . The element Cu is also an element which is often in direct contact with the solders because it is the most common metal used as the conducting lines on the Si devices, substrates, and printed circuit boards. In fact, Cu is one of the constituents in the Sn-Ag-Cu lead-free solder family. Both Au and Cu are very mobile in solders, and can diffuse across very long distances in a relatively short time. Consequently, Cu and Au might interact even if they are separated by a thick layer of solder. The objective of this study is to investigate the cross-interaction between Au and Cu across a layer of Sn.
In other words, we will study the Au/Sn/Cu ternary diffusion couple. A literature search revealed that there was no such study reported. Nevertheless, there are preliminary evidences showing that Au and Cu do interact in solders [13, 14] .
The Au/Sn/Cu diffusion couple is a rather ideal system for studying such type of cross-interaction. This is because both the Au/Sn and Sn/Cu binary reactions have been well studied. In addition, the AuCuSn ternary isotherm is also well characterized. For a summary of the Au/Sn and Sn/Cu binary reactions, see a book chapter written by Zakel and Reichl [15] . The AuCuSn ternary isotherm at 190 o C, determined by Zakel [16] , is reproduced in Fig. 1 . The Au/Sn/Cu ternary diffusion couples used in this study were prepared by sequentially electroplating a layer of Sn and a layer of Au over the Cu substrate. There are two benefits by using such a method to prepare the diffusion couples. The first is that the distance between Au and Cu (or the Sn thickness) can be controlled at will. The second is that the diffusion couples will not experience any high temperature processing step before the diffusion couples are subjected to the planned interdiffusion. If the diffusion couple had been prepared by melting the solder to bond Au and Cu, then a certain degree of cross-interaction might have occurred during bonding. The cross-interaction during the bonding stage could be, in fact, substantial because it had been reported that Cu and Ni could cross-interact during the reflow [17] . Consequently, in those diffusion couples bonded by melting, it will be difficult to distinguish to the extent of the cross-interactions that have occurred during the bonding stage from that during the reaction stage.
Experimental
The Au/Sn/Cu diffusion couples were prepared by electroplating a seven µm Au layer and a 100 µm Sn layer over the Cu foil substrate. The Cu foil was 400 µm thickness and 99.6 wt% pure. Before electroplating, each Cu foil surface was polished, with one µm diamond abrasive used in the last polishing step. The Cu foil was then lightly etched in a 5 vol% HNO 3 -CH 3 OH solution for one minute, and cleaned with deionized water. After electroplating the Au and Sn layers, the foil was cut into 4 mm×8 mm diffusion couples.
The diffusion couples were then subjected to aging at 200 o C. After aging, these samples were mounted in epoxy, sectioned by using a low-speed diamond saw, and metallographically polished to reveal the microstructure. The reaction zone for each diffusion couple was examined by using the optical microscopy (OM) and the scanning electron microscopy (SEM). The compositions of the intermetallic compounds were determined by the electron probe micro-analysis (EPMA). In EPMA analysis, the concentration of each element was measured independently, and the total weight percentage of all elements was within 100 ± 1% in each case. The average value from at least three measurements was then reported.
Results
The as-deposited Au/Sn/Cu diffusion couple is shown in Fig. 1 . As can be seen here, there was no evidence of interfacial reaction during the electroplating of Au and Sn.
Nevertheless, the interfacial reaction occurred very quickly at 200 o C, as shown in Fig. 2 for a diffusion couple that had been aged for 10 minutes. as such rapid reaction had been reported before [15, 18] . However, the formation of (Cu 1-x Au x ) 6 Sn 5 after only 10 minutes of aging is unexpected. As the only source of Cu was from the opposite side of the diffusion couple, the formation of (Cu 1-x Au x ) 6 Sn 5 on the Au side suggested that the cross-interaction between the Au/Sn and the Sn/Cu interface had occurred across a 100 µm layer of Sn in 10 minutes. The original Sn/Cu interface also shows evidence of this cross-interaction. We had detected strong Au signal that could not attributed to background noise from the Cu 6 Sn 5 phase between Sn and Cu in Fig. 2(c) . In other words, Au atoms had diffused through the Sn layer to be incorporated into Cu 6 Sn 5 . It should be stressed again that during the sample preparation step, Sn did not go through the molten state.
The results above were purely from a solid-state interdiffusion at 200 o C.
The cross-interaction proceeded even further when the aging time reached 400 minutes, as shown in Fig. 3 . The entire Au layer had been consumed, and even the AuSn phase had disappeared completely. Bulk of the remaining Au-Sn binary compound was AuSn 4 , and a few isolated AuSn 2 embedded in AuSn 4 still existed. The amount of (Cu 1-x Au x ) 6 Sn 5 on the Au side of the original diffusion couple increased and became a continuous layer. On the opposite side (Cu side) shown in Fig. 3 (c) , the thickness of (Cu 1-x Au x ) 6 Sn 5 also increased.
Moreover, a layer of Cu 3 Sn formed between (Cu 1-x Au x ) 6 Sn 5 and Cu.
When the aging time reached 24 hours (Fig. 4) , AuSn 2 had disappeared completely as shown in Fig. 4 (a) . Interestingly, there was a discontinuous Sn phase between AuSn 4 and (Cu 1-x Au x ) 6 Sn 5 . An EPMA line scan was performed along the line ab marked in Fig. 4 (a) , and the concentration profile is shown in Fig. 5 . From the EPMA measurement, the composition of (Cu 1-x Au x ) 6 Sn 5 was determined to be 14.7 at.%, Au, 35.8 at.% Cu, and 49.5
at.% Sn. According to the 190 o C Au-Cu-Sn isotherm determined by Zakel [16] and reproduced in Fig. 6 , this composition corresponded to the composition of (Cu 1-x Au x ) 6 Sn 5 at the Sn-AuSn 4 -(Cu 1-x Au x ) 6 Sn 5 three-phase equilibrium. As for the reaction on the Cu side, the thickness of (Cu 1-x Au x ) 6 Sn 5 as well as Cu 3 Sn increased as the reaction time increased, as shown in Fig. 4 (c) . The (Cu 1-x Au x ) 6 Sn 5 phase now had substantial amount of Au dissolved (x= 0.23~0.25), but Au was still not detected in Cu 3 Sn. In Fig. 4 (b) , one also noticed that there were AuSn 4 particles inside the Sn layer. The existence of these particles will be explained in the discussion section. As shown in Table I , the composition of (Cu 1-x Au x ) 6 Sn 5 did not change with the reaction time.
The thickness of (Cu 1-x Au x ) 6 Sn 5 on the Au side as well as that on the Cu side is plotted against the square root of time in Fig. 7 . Also shown in Fig. 7 is the thickness of Cu 6 Sn 5 from the binary Sn/Cu diffusion couple. The configuration, preparation, and aging treatment of these binary diffusion couples were the same as those of the Au/Sn/Cu ternary diffusion 6 couples, except that the Au layer was not deposited. As can be seen in Fig. 7 , (Cu 1-x Au x ) 6 Sn 5
on the Au side was the thickest, while (Cu 1-x Au x ) 6 Sn 5 on the Cu side is the thinnest. The data in Fig. 7 is summarized in Table II .
Discussion
The Au-Sn-Cu phase diagram had been studied by Roeder at 170 o C [19] and by Zakel at 190 o C [16] . The one determined by Zakel (redrawn in Fig. 6 ) is to be used for the discussion as the temperature (190 o C) is closer to our experimental condition. In Figure 6 , a diffusion path for the diffusion couple that had been aged for 24 hours is also shown. One question naturally arise is that why AuSn 4 on the Au side was covered with a layer of (Cu 1-x Au x ) 6 Sn 5, while those AuSn 4 particles inside the Sn layer was not, even though these particles located closer to the Cu source? The diffusion path shown in Fig. 6 clearly rationalized that such diffusion path was allowed. In other words, such feature was not forbidden for ternary diffusion couples.
The thicknesses of (Cu 1-x Au x ) 6 Sn 5 under various conditions were shown in Fig. 7 . The three sets of data all seemed to follow the parabolic kinetics. The (Cu 1-x Au x ) 6 Sn 5 on the Au side was the thickest, while that on the Cu side was the thinnest. The total consumption of the Cu foil corresponded to the formation of (Cu 1-x Au x ) 6 Sn 5 on the Au side and the Cu side.
Comparing the amounts of this compound formed for the case with and without the Au layer, the existence of the Au layer clearly accelerated the Cu consumption. Apparently, the existence of the Au layer provided extra driving force, which accelerated the Cu consumption.
The data in Fig. 7 and also enables us to calculate the Au flux and Cu flux across the Sn Fig. 8 and Table III . In calculating Fig. 8 , the density for (Cu 1-x Au x ) 6 Sn 5 was needed. The binary compound Cu 6 Sn 5 was reported to have a density of 8.28 g/cm 3 [22] .
The density of (Cu 1-x Au x ) 6 Sn 5 will increase slightly because Au is a heavier atom. We [23] and that of Cu along the c axis of Sn is 5.4×10 -11 (m 2 /sec) [24] . The diffusivity of Cu in Sn is one order of magnitude larger than the diffusivity of Au.
The relative values for Au and Cu along other directions exhibits similar ration. Apparently, the difference in the values of the diffusivity is larger than that of the atomic flux. The difference between the relative magnitude of the flux and the diffusivity is probably due to the different driving forces for the diffusion of Au and Cu across the Sn layer.
In Fig. 4 (a) , there was Sn phase between AuSn 4 and (Cu 1-x Au x ) 6 Sn 5 interface. These Sn Fig. 1 The microstructure of the as-deposited Au/Sn/Cu ternary diffusion couple.
The Au layer was seven µm thick, and the Sn layer was 100 µm. The EPMA line scan across the line ab shown in Fig. 4 (a) .
Fig. 6
The Au-Cu-Sn ternary isotherm at 190 o C. This isotherm was redrawn from the one determined by Zakel [16] . 
